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REMARKS 

I . Claim Amendments 

Claim 2 has been amended to more clearly define the 
invention and to place it in accordance with U.S. patent 
practice. Claims 3, 9, 11-17, 19-23, 25-26, 28-33, 47, 54, and 
61 have been withdrawn from consideration pending reinstatement 
upon determination of allowable subject matter in the elected 
claims . 

Claims 2, 4-8, 41 and 42 are currently under consideration 
by the Examiner. 

The group Ri in claim 2 has been amended by replacing "Ci~C 6 
alkyl, substituted with one or more basic groups" with "C 4 -C 6 
alkyl, substituted with one or more basic groups". 

Claim 2 has also been amended to remove NR 6 CO from group X. 
Thus, after amendment the recitation of substituent X should 
read "X represents 0, S, SO, C(Z) 2 , N(Z), NR 6 S0 2 , S0 2 NR 6 and 
CONR 6 " . 

No new matter has been introduced by any amendment herein. 

II . The claimed invention 

The claimed invention is directed to pharmaceutical 
formulations of an inhibitor of carboxypeptidase U (CPU) and a 
thrombin inhibitor in admixture with a pharmaceutical^ 
acceptable adjuvant, diluent or carrier. 

III. Claim rejections under 35 U.S.C. §§ 103 

Claims 2, 4, 5, 8, 41, and 42 are rejected under 
35 U.S.C. §103 as allegedly being unpatentable over Eisenbach- 
Schwartz in view of Watson. 
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The Examiner asserts that Eisenbach-Schwartz discloses that 
the dipeptide Arg-Cys can be used to treat various inflammatory 
disorders. Eisenbach-Schwartz, however, is acknowledged not to 
suggest combining this dipeptide with a thrombin inhibitor. 

Furthermore, the Examiner cites Watson as disclosing that 
thrombin inhibitors are effective in treating various 
inflammatory conditions. Watson, however, is acknowledged not 
to disclose using cysteine derivatives to treat inflammatory 
disorders . 

By Amendment of the definition of Ri in claim 2, the 
dipeptide Arg-Cys, inter alia, has been excluded, and whether or 
not Eisenbach-Schwartz teaches the use of Arg-Cys and whether or 
not Watson teaches the use of thrombin inhibitors are moot. 

Withdrawal of the alleged obviousness rejection of the 
claimed invention over Eisenbach-Schwartz in view of Watson is 
respectfully requested. 

Claims 2, 4, 5, 8, 41, and 42 are rejected under 
35 U.S. C. §103 as allegedly being unpatentable over Ondetti in 

view of Watson. 

The Examiner states that "an artisan of ordinary skill may 
have been motivated to combine the compounds of Ondetti with the 
compounds of Watson for additive effects" (pages 8 and 9 of the 
Office Action mailed February 9, 2004). 

The Examiner asserts that Ondetti discloses compounds, 
encompassed by instant claim 2, that are useful in treating 
cardiovascular conditions, inflammatory conditions and edema. 
Ondetti, however, is acknowledged not to suggest combining the 
disclosed compounds with thrombin inhibitors. 

Furthermore, the Examiner cites Watson as disclosing that 
thrombin inhibitors can be used to treat various cardiovascular 
conditions, inflammation and edema. Watson, however, is 
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acknowledged not to suggest combining the thrombin inhibitors 
with the compounds of Ondetti. 

By amendment of the definition of group X in claim 2, the 
compounds of Ondetti have been excluded and whether or not 
Ondetti teaches the use of the cited compounds and whether or 
not Watson teaches the use of thrombin inhibitors are moot. 

Withdrawal of the alleged obviousness rejection of the 
claimed invention over Ondetti in view of Watson is respectfully 
requested. 

Claims 2, 4, 5, 8, 41, and 42 are rejected under 
35 U.S.C. §103 as allegedly being unpatentable over Eisenbach- 

Schwartz in view of Franson. 

The Examiner cites Eisenbach-Schwartz for the same reasons 
and further asserts that Franson discloses compounds that 
inhibit thrombin-induced platelet aggregation, and at the same 
time can be used to treat various inflammatory conditions. 
Franson however, is acknowledged not to disclose using cysteine 
derivatives to treat inflammatory disorders. 

Again, by amendment of the definition of Rx in claim 2, the 
dipeptide Arg-Cys, inter alia, has been excluded, and whether or 
not Eisenbach-Schwartz teaches the use of Arg-Cys and whether or 
not Franson teaches the cited inhibitory compounds and their use 
are moot. 

Withdrawal of the alleged obviousness rejection of the 
claimed invention in view of Eisenbach-Schwartz and Franson is 

respectfully requested. 

Furthermore, Applicants would like to address comments the 
Examiner made on pages 7 and 11 of the Office Action dated 
February 9, 2004 pertaining to the present invention. 

The Examiner wrote: "The issue, however, is the extent to 
which the unexpected results' may extend to other thrombin 
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inhibitors which were never contemplated by applicants, or at 
least which were never disclosed in the specification. Other 
thrombin inhibitors may exhibit different 
pharmacokinetics/biodistribution than may be exhibited by 
inogatran or melagatran. Or the mechanism of thrombin 
inhibition may be different." 

Applicants respectfully disagree with the Examiner for the 
following reasons: It is well known that thrombin, particularly 
in the presence of thrombomodulin, induces the activation of CPU 
from pro-CPU. Then, in turn, the degree of CPU activity 
determines the extent to which the clot lysis is inhibited. 

It has been shown that inhibition of thrombin by a thrombin 
inhibitor results in less activation of CPU. For example, when 
thrombin is inhibited by argatroban, the clot lysis is enhanced 
due to decreased activation of CPU (please see enclosed article 
of Hashimoto et al.. Thrombosis and Haemostasis, 2002, 
87:110-113). In the same way, enhancement of clot lysis is also 
observed when thrombin is inhibited by hirudin (please see 
enclosed article of Latacha et al., Journal of Thrombosis and 
Haemostasis, 2003, 2: 128-134). Argatroban is a low molecular 
weight compound which inhibits thrombin directly at the active 
site whereas hirudin is a high molecular weight polypeptide that 
inhibits thrombin by interacting simultaneously with the active 
site and exosite I (please see enclosed article of Huntington et 
al., TRENDS in Pharmacological Sciences, 2003, Vol. 24, No. 11, 
pp. 589-595). Thus, inhibition of thrombin with either 
argatroban or hirudin results in enhancement of clot lysis due 
to decreased activation of CPU. This decrease of CPU activation 
is achieved regardless of the mechanism of inhibition of 
thrombin. It can also be pointed out that melagatran, for which 
the synergistic effect has been observed, and argatroban are 
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both active site inhibitors and bind to thrombin in essentially 
the same way (please see figure 2 in the above-cited Huntington 
article). Accordingly, the Examiner's assessment that the 
-unexpected results' may extend to other thrombin inhibitors 
which were never contemplated by applicants nor disclosed in the 
specification is inappropriate. 

Additionally, the Examiner stated on pages 7 and 11 of the 
aforementioned Office Action: "Further, if the artisan of 
ordinary skill is intent on treating cardiovascular disease, 
inflammation or oedema, one is unlikely to be concerned about 
the degree of inhibition of fibrin deposition in the lungs." 
However, Applicants only claim treatment of thrombosis and 
hypercoagulability. Therefore, the results presented in tables 
I-IH are pertinent to the claimed subject matter. Moreover, xt 
is irrelevant to the concept of patentability to distinguish the 
treatment of cardiovascular disease, inflammation or edema from 
the claimed treatment of thrombosis and hypercoagulability. The 
results presented by Applicants would be seen by the skilled 
artisan as unexpected regardless of said artisan' s own 
particular research goals. 

Claims 6 and 7 are objected to as being dependent on a 
rejected claim but have not been rejected fox prior art reasons. 
Applicants submit that in view of their amendments and 
arguments, claims 6 and 7 are in condition for allowance. 
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CONCLUSION 



Applicants respectfully submit that the application is in 
condition for allowance, which action is earnestly solicited. 

The Commissioner is hereby authorized to charge any fee 
which may be due in connection with this communication to 
Deposit Account No. 23-1703. 



Enclosures : three (3) references and a Notice of Appeal 
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It is difficult to overstate the medical importance of 
the serine protease thrombin. Thrombin is involved in 
many diverse processes, such as cell signaling and 
memory, but it is the crucial role that it plays in blood 
coagulation that commands the interest of the medical 
community. Thrombosis is the most common cause of 
death in the industrialized world and, whether through 
venous thromboembolism, myocardial infarction or 
stroke, ultimately involves the inappropriate activity of 
thrombin. The number and type of intrinsic and extrin- 
sic natural mechanisms of targeting thrombin that have 
evolved validate thrombin as an important physiologi- 
cal target and provide strategies to knock it out. The 
more we learn about the natural mechanisms that 
determine thrombin specificity the more likely we are 
to develop compounds that selectively alter thrombin 
activity. In this article, we review the natural mechanisms 
that regulate thrombin activity and novel approaches 
to inhibit thrombin based on these mechanisms. 

Haemostasis, the balance between bleeding and thrombo- 
sis, is maintained by the localization and rapid amplifica- 
tion of coagulation proteases at the site of vascular injury 
and by mechanisms that inhibit these proteases elsewhere 
in the vasculature. Thrombin is central to the clotting arm 
of haemostasis and also plays a role in shutting down the 
coagulation cascade (Figure 1). How thrombin is both a 
pro-coagulant and anti-coagulant protease is a subject of 
much interest that is explained in part by regulatory 
cofactors such as thrombomodulin (TM). Thrombin is the 
product of an enzymatic amplification network in which 
inactive zymogen forms of many proteases and cofactors 
are activated by proteolytic cleavage. Thrombin cleaves 
fibrinogen into fibrin to create a fibrous plug. Thrombin 
also amplifies its own production through the activation of 
factor XI and cofactors V and VIII. In addition, thrombin 
activates the transglutaminase factor XIII that cross-links 
the polymerized fibrin plug, thus stabilizing the clot. 
During this process some thrombin remains bound to 
fibrin and becomes incorporated into and on the surface of 
the clot [1,2]. This ensures a pro-coagulant surface by . 
protecting thrombin from inhibition by natural, circulat- 
ing inhibitors [3]. Thrombin also plays a crucial role in the 
activation of platelets through the cleavage of the protease- 
activated receptors (PARs) on the platelet surface [4]. 
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The clinical importance of regulating thrombin activity 
is highlighted by the use of anti-coagulant drugs to treat 
and prevent thrombosis. This is achieved by limiting 
functional prothrombin synthesis using warfarin, attenu- 
ating thrombin generation with low molecular weight 
heparin (LMWH) and by inhibiting formed thrombin with 
unfractionated heparin (UFH). Although these therapies 
are used widely, their anti-coagulant effects are often offset 
by unwanted side-effects, such as bleeding and heparin- 
induced thrombocytopenia. The ideal anti-thrombin drug 
would prevent thrombosis without causing excess bleeding, 
be orally available, inexpensive, reversible and not require 
monitoring. Rational drug design has already, resulted in 
synthetic compounds that increasingly satisfy the profile of 
the ideal agent. In this article, we review the natural 
mechanisms that regulate thrombin activity, and selected 
approaches to inhibit thrombin based on these mechanisms. 

Thrombin structure 

The major breakthrough in understanding the functional 
properties of thrombin came in 1989 with the resolution of 
the first structure of human thrombin [5]. Since then > 150 
structures of various states of thrombin bound to several 
substrates and inhibitors have been solved. We now have a 
detailed understanding of the structural organization of 
thrombin and the relationship between its unique struc- 
tural features, cofactor, substrate and inhibitor binding, 
and activity. Figure 2a is a surface representation of 
thrombin that indicates the positions of the active site and 
exosites I and II. The thrombin active site is located in a 
deep canyon formed by the flanking loops, denoted the 
60-insertion and 7-loops. The presence of these loops 
restricts access to the active site, thereby helping to 
determine substrate and inhibitor specificity. In addition, 
the position of the 60-insertion loop is sensitive to cofactor 
binding; thus, allostery plays a role in determining the 
activity of thrombin [6]. The specificity of thrombin is 
partially determined by the substrate sequence, and other 
determinants lie within exosites. Two basic exosites have 
been identified that are adjacent to the active site of 
thrombin, called anion-binding exosites I and II. Bio- 
chemical, mutagenic and structural studies have estab- 
lished the roles of exosites I and II [7]. Exosite I is a fibrin 
(ogen) recognition exosite that helps to determine the 
specificity for the substrate fibrinogen and is responsible 
for the sequestration of thrombin in fibrin clots. The endo- 
thelial cell-surface receptor TM also interacts with thrombin 
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via exosite I, thereby blocking fibrinogen binding [8] and 
switching the substrate preference to the anti-coagulant 
protein C [91. Exosite II is the glycosaminoglycan-binding 
site of thrombin [10]. Thus, the natural substrates, 
cofactors and inhibitors of thrombin have evolved to 
exploit exosites I and II. For example: fibrinogen [11,12] 
and PARs [13,14] interact with thrombin via exosite I; 
factor XI [15], factor XIII [16] and inhibitors antithrombin 
(AT) [10] and protease nexin 1 [17] use exosite II for 
either direct interactions or for glycosaminoglycan 
bridging; and factor V [18,19], factor VIII [20], TM 
[21,22] and heparin cofactor II (HCII) [23] can use both 
exosites. Thus, thrombin specificity is determined by 
multiple interactions, not solely through complemen- 
tary active-site interactions. In this way, the activity of 
thrombin varies depending on where it is located and 
to what it is bound. 



Physiological mechanisms of thrombin inhibition 

Temporal and spatial control of thrombin activity is 
crucial for the prevention of thrombosis. Three factors 
are primarily responsible for limiting thrombin activity to 
the site of tissue damage: TM, AT and HCII. Although TM 
is not a true inhibitor of thrombin, it inhibits the pro- 
thrombotic activity of thrombin by altering its substrate 
specificity [24] . TM is a receptor that is exposed on the surface 
of intact endothelial cells. As mentioned above, TM binds to 
exosite I of thrombin to block the fibrinogen recognition site 
and prevent cleavage of fibrinogen (Figure 2b) [8], It is not 
fully understood how binding of TM alters the substrate 
specificity of thrombin, but allostery and direct TM-protein 
C interactions have been suggested [25]. Recombinant, 
soluble TM is being developed as an anti-coagulant and is 
currently in Phase III clinical trials [26]. In many ways, the 
ideal anti-thrombin drug would behave like TM in reducing 
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the activity of thrombin towards fibrinogen while either 
maintaining or enhancing the anti-coagulant effects of 
thrombin through the cleavage of protein C. 

The true inhibitors of thrombin in the circulation are 
the serpins AT and HCII [27]. AT inhibits many of the 
proteases in the coagulation cascade, including factors Ka, 
Xa and thrombin, whereas HCII appears to be specific for 
thrombin. Because blood coagulation is a highly regulated 
process, it is not surprising that the serpins that inhibit 
the coagulation proteases are also subject to tight regu- 
lation. AT and HCII are poor inhibitors of their targets 
in their native, circulating form and it is only through 



specific interactions with glycosaminoglycans (GAGs) such 
as heparin that AT and HCII become efficient inhibitors. 
The molecular mechanisms of AT and HCII activation are 
given in Figure 3. Although these mechanisms were once 
thought to be unrelated, recently solved crystallography 
structures demonstrate close structural and functional 
homology [23], The poor activity of the circulating forms 
of both AT and HCII is maintained by restriction of the 
reactive centre loop (BCD through its partial incorpor- 
ation into (3-sheet A, and the heparin binding sites are 
nearly perfectly conserved. There are, however, some major 
differences in how protease specificity is determined. 
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AT binds with high affinity only to heparin and heparan 
sulfate because of the presence of a specific pentasac- 
charide sequence in a small percentage of these GAGs. 
Binding to the pentasaccharide induces a conformational 
change in AT that improves the affinity for heparin and 
frees the RCL for interaction with protease [28]. This 
conformational change has little effect on the rate of 
thrombin inhibition, but causes a 300-fold increase in the 
rate of factor Xa inhibition [29]. Thrombin inhibition by 
AT requires a longer heparin chain to allow the bridging 
of AT and thrombin through simultaneous binding to the 
same heparin molecule [30] . The thrombin-binding site for 
heparin is in the more basic exosite [10], exosite II, and 
requires at least six saccharide units. However, binding 
is not sequence specific and is of low affinity [31]. It is 
envisaged that AT saturates the high-affinity sites on the 
heparan sulfate molecules that line the microvasculature 
until thrombin diffuses from the site of tissue damage and 
encounters prebound AT [27]. 



It is possible that HCII behaves similarly but without 
the exquisite GAG specificity of AT. In fact, HCII can be 
activated by many GAGs including heparin, heparan 
sulfate and dermatan sulfate, but the binding affinity in all 
cases is ~ 1000-fold weaker than AT for its specific heparin 
sequence [32], It has been proposed that HCII might have 
a role outside the circulation because it can be activated by 
GAGs in other tissues [33]. Adding to the speculation that 
the main physiological role of HCII lies outside the plasma 
is the limited importance of HCII in coagulation. Whereas 
AT deficiency is highly associated with venous thrombosis 
[34] and AT knockout is embryonic lethal in mice [35], 
HCII deficiency is not clearly associated with thrombosis 
[36] and HCII knockout mice are healthy [37]. However, 
HCII knockout mice have a propensity to arterial 
thrombotic occlusion. Whether the main role of HCII is 
to inhibit thrombin in the circulation or elsewhere, it is 
clear that HCII is a specific inhibitor of thrombin. Its 
specificity is conferred by an acidic N-terminal tail of -80 
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amino acids that interacts with thrombin via exosite I [38] . 
Exosite II might also be involved when the activating GAG 
can bind to thrombin, thus leading to a double bridge. 
Therefore, the two circulating inhibitors of thrombin, AT 
and HCII, exploit unique properties of the anion binding 
exosites of thrombin to enhance specificity and ensure that 
coagulation is limited to the site of vascular injury. 

Heparin therapy 

Heparin has long been the anti-coagulant drug of choice 
for the prevention and treatment of thrombosis, and sales 
of heparin derivatives exceed 2 billion dollars per year [39] . 
Heparin is obtained in large amounts from the intestine 
of pigs, and is highly sulfated and heterogeneous. UFH 
ranges in size between 3000-30 000 Da with an average 
molecular weight of - 15 000 Da (-45 saccharide units). 
Approximately one-in-three heparin chains contains a 
copy of the AT-specific pentasaccharide, and these high- 
affinity sites account for the anti-coagulant properties of 
heparin preparations. Although still used, UFH has many 
drawbacks as a drug. UFH interacts with several proteins 
in the circulation, which reduces its bioavailability and can 
lead to heparin-induced thrombocytopenia (HIT) [40,41], 
For these reasons heparin has been fragmented through 
either chemical or enzymatic depolymerization to yield 
LMWHs. There are many varieties of LMWHs, but all are 
heterogeneous with molecular weights that range from 
2000 to 10 000 Da (6-30 saccharide units) [39]. The reduc- 
tion in size, however, is associated with a reduction in the 
ability to inhibit thrombin. Most LMWHs primarily cata- 
lyze the inhibition of factor Xa by AT and, thus, inhibit 
the formation of thrombin. Even when sufficiently long 
to bridge AT and thrombin, therapeutic heparin is still 
limited to catalyzing the AT-dependent inhibition of fluid- 
phase thrombin. Thrombin bound to the fibrin clot is pro- 
tected from heparin-induced inhibition because of a ternary 
complex between thrombin, fibrin and heparin [42]. 

Current preparations of heparin have little or no 
effect on the activity of HCII because HCII binds heparin 
~ 1000 times more weakly than does AT. HCII is, thus, an 
untapped source of anti-thrombin activity that several 
reports suggest is uniquely capable of inhibiting both 
fibrin-bound and clot-bound thrombin [3,43,44]. Although 
thrombin is bound to fibrin via exosite I, the fibrin-binding 
site does not overlap with the binding site of the acidic tail 
of HCII [23] . Thus, specific activators of HCII would promote 
the inhibition of both fluid-phase and solid-phase thrombin. 
Danaparoid (Orgaran®) is a mixture of low molecular weight 
heparan, dermatan and chondroitin sulfates that is designed 
to activate AT against factor Xa, and HCII against thrombin 
[45]. Although licensed for the prevention of peri-operative 
deep vein thrombosis and the treatment of thromboembolic 
disease in patients with heparin-induced thrombocytopenia 
[41] , it is unclear how much, if any, of the therapeutic effect is 
mediated via HCII. Another approach is to destroy the 
AT-binding sites on heparin through periodate oxidation, so 
that higher doses can be administered in an attempt to 
activate HCII. The resulting LMWH, Vasoflux™ , is effective 
at inhibiting soluble and fibrin-bound thrombin [46]. 
However, preliminary clinical trials indicate that Vasoflux 
is no better than UFH and causes bleeding at the doses 
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tested [47] . In addition, it is possible that the anti-thrombotic 
properties of Vasoflux could be independent of AT and HCII 
[48] . A similar dermatan-sulfate derivative, desmin, is being 
evaluated as a specific HCII activator [49] but, again, its 
activity might be independent of HCII [50]. More work 
needs to be done to tap the potential anti-thrombin activity 
of circulating HCII. 

Another way to improve heparin therapy is to remove 
the heterogeneity of the preparations. The only way to 
obtain large amounts of pure, homogeneous AT-specific 
heparin is by chemical synthesis. Sanofi-Synthelabo 
(http://ww.sanofi-synthelabo.com), in collaboration with 
Organon (http://www.organon.com/), has developed a syn- 
thetic pentasaccharide called fondaparinux [51] (Arixtra ) 
that has 100% bioavailability and a 17-h half-life, and 
specifically stimulates the AT-mediated inhibition of 
factor Xa. The crystal structure of the pentasac- 
charide-AT complex has been solved [28] and reveals, 
among other things, the orientation of the pentasaccharide 
on AT. This structure shows clearly that an effective 
AT-heparin-thrombin complex requires an extension on 
the non-reducing end of the pentasaccharide. Subsequent 
studies prove that addition of a six-unit thrombin-binding 
oligosaccharide on the non-reducing end, spaced by a 
linker of at least four sugar units (15 saccharide units in 
total) is required to activate AT towards thrombin [52]. 
The resulting molecule is effective against both factor Xa 
and thrombin, and has a similar bioavailability and half- 
life to fondaparinux. Although it has been suggested that 
AT is unable to inhibit clot-bound thrombin when acti- 
vated by heparin, these observations are based on the 
administration of UFH, of which only a small fraction 
contains the AT-consensus pentasaccharide. The model 
that accounts for how the presence of heparin protects 
thrombin from inhibition by AT relies on the presence of 
excess heparin, uncomplexed by AT. A recent study has 
shown that if heparin is cross-linked covalently to AT, AT 
inhibits fibrin-bound thrombin [53]. This indicates that 
the new generation of synthetic heparins will be capable of 
inhibiting soluble thrombin and thrombin bound to the 
surface of either nascent or fibrinolyzed clots. 

Direct thrombin inhibitors 

Blood-sucking animals, haematophages, require a free 
flow of blood after piercing the blood vessel. Because of the 
central role of thrombin in clotting, the strategy adopted, 
by most blood-suckers is to inhibit thrombin by introduc- 
ing small, multivalent proteins [54]. There are several 
examples of crystal structures of thrombin bound to such 
protein inhibitors deposited in the Protein Data Bank 
(http://www.rcsb.org/pdb/), including 4HTC (hirudin) [55], 
1THR [56], 1E0F (haemadin) [57], 1EOU, 1TBR [58], 
1TOC [59], 1AVG [60] (reviewed in [61]). The best 
characterized and most advanced as a drug is hirudin. 
Hirudin is a 65-amino-acid polypeptide isolated originally 
from the medicinal leech (Hirudo medicinalis) that 
inhibits thrombin by interacting simultaneously with 
the active site and exosite I (Figure 2b) [62]. Although 
the complex is theoretically reversible, a dissociation 
constant in the range of 10~ U M renders it practically 
irreversible [63]. Recombinant molecular biology techniques 
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were required to exploit knowledge of how hirudin works 
towards the development of drugs. Recombinant hirudin 
(Lepirudin) is currently approved for the treatment of 
HIT. The discovery of the multivalent mechanism by which 
hirudin inhibits thrombin, coupled with a detailed struc- 
tural understanding of how thrombin binds substrate- 
based inhibitors, has led to the development of peptide 
derivatives that mimic the active-site interactions of a 
substrate and the exosite I interactions of the C-terminal 
peptide of hirudin (hirugen) [61,64]. What distinguishes 
the several multivalent hirudin homologues (hirulogs) is 
the composition of the linker region between the two 
functional domains, which result in binding constants that 
range from 0.09 to 72 nM. Unfortunately, this high-affinity 
binding could be the reason for the narrow therapeutic 
window observed in clinical trials [651. 

Since the publication of the first crystallographic struc- 
ture of thrombin in 1989 much effort has been invested in the 
design of specific, low-molecular-weight, direct thrombin 
inhibitors, based on the principles of substrate recognition. 
Thrombin was crystallized after reaction with the peptide 
chloromethyl ketone derivative, (D-Phe)-Pro-Arg-chloro- 
methylketone (PPACK). PPACK forms covalent bonds 
with both Serl95 and His57 in the active site of thrombin, 
but otherwise binds in a substrate-like manner (Figure 2b). 
The binding of PPACK, which has been described in detail, 
formed the basis of much of the subsequent rational drug 
design [66]. Indeed, melagatran, the most promising small 
inhibitor of thrombin under development, superimposes 
almost perfectly on the Phe-Pro-Argof the original thrombin 
structure (Figure 2b), and the prodrug form ximelagatran is 
the only orally available direct thrombin inhibitor in Phase 
III clinical trials. An arginine-based compound, argatroban, 
is approved in the USA and Canada for the treatment and 
prevention of HIT [41] . Although not considered a tripeptide 
mimetic, the functional groups of argatroban fit well into 
the S1-, S2- and aryl-binding pockets. 

Future directions 

One of the most exciting achievements in directed throm- 
bin inhibition is the development of ximelagatran, the 
orally available prodrug form of melagatran. One obvious 
strategy for improving the specificity of such active-site 
inhibitors is to include residues C-terminal to PI (P side of 
the active site or TSast* in Figure 2a). The primed side runs 
into exosite I and determines the substrate specificity of 
fibrinogen. The difficulty in developing drugs based on P' 
interactions is that until recently there has been no struc- 
tural information on these interactions. Although peptide 
library screens indicated that much of the specificity was 
determined by P' interactions [67], these have only been 
demonstrated crystallographically with the recent struc- 
ture of catalytically inactive recombinant thrombin (S195A) 
bound to HCII [23]. Perhaps, in the future, mimetics similar 
to melagatran might include moieties designed to take 
advantage of sites C-terminal of the PI residue. 

Another promising approach is the development of 
new glycosaminoglycans. Although not yet on the market, 
Afunctional synthetic heparins that have a thrombin- 
binding site on the non-reducing end of the AT-specific 
pentasaccharide achieve optimal AT activation towards 



factor Xa and thrombin inhibition. We predict that they 
will inhibit both fluid-phase and solid-phase thrombin and 
be effective in the prophylaxis and treatment of many 
thrombotic states. The next step in the development of 
GAG drugs must be the discovery of specific activators 
of HCII. Identifying a natural GAG that contains a high 
proportion of a specific HCII-binding sequence will make 
HCII a viable drug target. Such a sequence has not yet 
been identified. A hexasaccharide has been isolated from 
dermatan sulfate based on HCII affinity, but this is in a 
very low percentage of chains and its affinity has not been 
demonstrated to be significantly higher than the back- 
ground sequence [68], As yet, no structure has been 
determined for HCII bound (however weakly) to a GAG. 
Once this has been achieved it might be possible to design 
oligosaccharides that have improved affinity and specificity 
for HCII. Another approach to improve heparin therapy is 
the development of orally available heparin through 
formulation of UFH and LMWH with carrier molecules 
SNAC {sodium N-[8-(2-hydroxybenzoyl)amino] caprylate) 
[69] and DOCA(deoxycholic acid) [70]. Early indications are 
that such formulations significantly improve the oral 
availability of heparin and have an anti-coagulant effect. 

Acknowledgements 

J.A.H. is funded by the NEH (USA) and the MRC (UK) and has received 
research funds from Sanofi-Synthelabo. T.P.B. is Chairman of the 
Thrombosis and Haemostasis Task Force for the British Society for 
Haematology and has received honoraria for consultancies to Organon 
Teknika, bioMerieux and Sanofi-Synthelabo. 

References 

1 Francis, C.W. et al. (1983) Thrombin activity of fibrin thrombi and 
soluble plasmic derivatives. J. Lab. Clin. Med. 102, 220-230 

2 Liu, C.Y. et al. (1979) The binding of thrombin by fibrin. J. Biol Chem. 
254, 10421-10425 

3 Becker, D.L. et al. (1999) Exosites 1 and 2 are essential for protection 
of fibrin-bound thrombin from heparin-catalyzed inhibition by anti- 
thrombin and heparin cofactor II. J. Biol. Chem. 274, 6226-6233 

4 Ofosu, FA. (2003) Protease activated receptors 1 and 4 govern the 
responses of human platelets to thrombin. Transfus. Apheresis Sci. 28, 
265-268 

5 Bode, W. et al. (1989) The refined 1.9 A crystal structure of human 
alpha-thrombin: interaction with D-Phe-Pro-Arg chloromethylketone 
and significance of the Tyr-Pro-Pro-Trp insertion segment. EMBO J. 8, 
3467-3475 

6 Huntington, J.A. and Esmon, C.T. (2003) The molecular basis of 
thrombin allostery revealed by a 1.8 a structure of the "Slow" form. 
Structure (Camb) 11, 469-479 

7 Stubbs, M.T. and Bode, W. (1995) The clot thickens: clues provided by 
thrombin structure. Trends Biochem. Sci. 20, 23-28 

8 Fuentes-Prior, P. et al. (2000) Structural basis for the anticoagulant 
activity of the thrombin-thrombomodulin complex. Nature 404, 518-525 

9 Esmon, C.T. (1995) Thrombomodulin as a model of molecular 
mechanisms that modulate protease specificity and function at the 
vessel surface. FASEB J. 9, 946-955 

10 Sheehan, J.P. and Sadler, J.E. (1994) Molecular mapping of the 
heparin-binding exosite of thrombin. Proc. Natl. Acad. Sci. U. S. A. 91 t 
5518-5522 

11 Hall, S.W. et al. (2001) Identification of critical residues on thrombin 
mediating its interaction with fibrin. Thromb. Haemost. 86, 1466-1474 

12 Krishnan, R. et al. (2000) Structure of the Serl95Ala mutant of human 
alpha-thrombin complexed with fibrinopeptide A(7-16): evidence for 
residual catalytic activity. Acta Crystallogr. D BioL Crystallogr. 56, 
406-410 

13 Ayala, Y.M. et al. (2001) Molecular mapping of thrombin- receptor 
interactions. Proteins 45, 107-116 

14 Myles, T. et al. (1998) Role of thrombin anion-binding exosite-I in 



http'f/^r^ tr*»nd"; mm 



BEST AVAILABLE COPY 



TRENDS in Pharmacological Sciences Vol.24 No. 11 November 2003 



the formation of thrombin -serpin complexes. J. Biol. Chem. 273, 
31203-31208 

15 Von Dem Borne, P. A. et ol. (1996) Effect of heparin on the activation of 
factor XI by fibrin-bound thrombin. Thromb. Hoemost. 76, 347-353 

16 Philippou, H. et at. (2003) Roles of low specificity and cofactor interaction 
sites on thrombin during factor Xm activation: competition for 
cofactor sites on thrombin determines its fate. J. Biol. Chem. 10, 1074 

17 Stone, S.R. and Le Bonniec, B.F. (1997) Inhibitory mechanism of 
serpins. Identification of steps involving the active- site serine residue 
of the protease. J. Mol. Biol. 265, 344-362 

18 Dhaxmawardana, K.R. et ol. (1999) Role of regulatory exosite I in 
binding of thrombin to human factor V, factor Va, factor Va subunits, 
and activation fragments. J. Biol. Cherru 274, 18635-18643 

19 Myles, T. et al. (2002) Structural requirements for the activation of 
human factor VIII by thrombin. Blood 100, 2820-2826 

20 Esmon, C.T. and Lollar, R (1996) Involvement of thrombin anion- 
binding exosites 1 and 2 in the activation of factor V and factor VIII. 
J. Biol. Chem. 271, 13882-13887 

21 Hall, S.W. et al. (1999) Thrombin interacts with thrombomodulin, 
protein C, and thrombin-activatable fibrinolysis inhibitor via specific 
and distinct domains. J. Biol. Chem. 274, 25510-25516 

22 He, X. et al. (1997) Influence of arginines 93, 97, and 101 of thrombin to 
its functional specificity. Biochemistry 36, 8969-8976 

23 Baglin, T.P. et al (2002) Crystal structures of native and thrombin- 
complexed heparin cofactor II reveal a multistep allosteric mechanism. 
Proc. Natl. Acad. ScL U. S. A 99, 11079-11084 

24 Sadler, J.E. (1997) Thrombomodulin structure and function. Thromb. 
Hoemost. 78, 392-395 

25 Yang, L. and Rezaie, A.R. (2003) The fourth epidermal growth factor- 
like domain of thrombomodulin interacts with the basic exosite of 
protein C. J. Biol. Chem. 278, 10484-10490 t 

26 Khorchidi, S. et al. (2002) ART-123 Asahi Kasei. Curr. Opin. Investig. 
Drugs 3, 1196-1198 

27 Huntington, J.A. (2003) Mechanisms of glycosaminoglycan activation 
of the serpins in hemostasis. J. Thromb. Hoemost. 1, 1535-1549 

28 Jin, L. et al. (1997) The anticoagulant activation of antithrombin by 
heparin. Proc. Natl. Acad. Sci. U. S. A 94, 14683-14688 

29 Olson, S.T. and Bjork, I. (1992) Role of protein conformational changes, 
surface approximation and protein cofactors in heparin-accelerated 
antithrombin-proteinase reactions. Adv. Exp. Med. Biol. 313, 155-165 

30 Olson, S.T. and Bjork, I. (1991) Predominant contribution of surface 
approximation to the mechanism of heparin acceleration of the 
antithrombin-thrombin reaction. Elucidation from salt concentration 
effects. J. Biol. Chem. 266, 6353-6364 

31 Olson, S.T. et al. (1991) Quantitative characterization of the thrombin- 
heparin interaction. Discrimination between specific and nonspecific 
binding models. J. Biol Chem. 266, 6342-6352 

32 Liaw, RC. et al. (1999) Comparison of heparin- and dermatan sulfate- 
mediated catalysis of thrombin inactivation by heparin cofactor II. 
J. Biol. Chem. 274, 27597-27604 

33 Salem, H.H. and Thompson, E.A. (1987) The role of heparin cofactor II 
in the modulation of hemostasis. Dev. Biol. Stand. 67, 67-72 

34 Simioni, P. (1999) The molecular genetics of familial venous throm- 
bosis. Baillieres. Best Pract. Res. Clin. Haematol. 12, 479-503 

35 Ishiguro, K. et al. (2000) Complete antithrombin deficiency in mice 
results in embryonic lethality. J. Clin. Invest. 106, 873-878 

36 Tbllefeen, D.M. (2002) Heparin cofactor II deficiency. Arch. Pathol. 
Lab. Med. 126, 1394-1400 

37 He, L. et al. (2002) Heparin cofactor II inhibits arterial thrombosis 
after endothelial injury. J. Clin. Invest. 109, 213-219 

38 TbUefsen,D.M.(1997)Hepajincofactorn.Adu.£^.Mcd.Bio/. 425,35-44 

39 Weitz, J.I. (1997) Low-molecular-weight heparins. New Engl. J. Med. 
337, 688-698 

40 Kelton, J.G. (2002) Heparin-induced thrombocytopenia: an overview. 
Blood Rev. 16, 77-80 

41 Warkentin, T.E. (2003) Heparin- induced thrombocytopenia: patho- 
genesis and management. Br. J. Haematol. 121, 535-555 

42 Weitz, J.I. et al (1990) Clot-bound thrombin is protected from inhibition 
by heparin-antithrombin III but is susceptible to inactivation by 
antithrombin Ill-independent inhibitors. J. Clin. Invest. 86, 385-391 

43 Liaw, P.C. et al. (2001) Molecular basis for the susceptibility of fibrin- 
bound thrombin to inactivation by heparin cofactor ii in the presence of 
dermatan sulfate but not heparin. J. Biol. Chem. 276, 20959-20965 



44 Becker, D.L. et al. (1997) Molecular basis for the resistance of fibrin- 
bound thrombin to inactivation by heparin/serpin complexes. Adv. 
Exp. Med. Biol. 425, 55-66 

45 Meuleman, D.G. (1992) Orgaran (Org 10172): its pharmacological 
profile in experimental models. Haemostasis 22, 58-65 

46 Weitz, J.I. et al. (1999) Vasoflux, a new anticoagulant with a novel 
mechanism of action. Circulation 99, 682-689 

47 Peters, R.J. et al (2001) Randomized comparison of a novel anti- 
coagulant, vasoflux, and heparin as adjunctive therapy to strepto- 
kinase for acute myocardial infarction: results of the VITAL study 
(Vasoflux International Trial for Acute Myocardial Infarction Lysis). 
Am. Heart J. 142, 237-243 

48 Anderson, J.A. et al. (2001) Hypersulfated low molecular weight 
heparin with reduced aflinity for antithrombin acts as an anti- 
coagulant by inhibiting intrinsic tenase and prothrombinase. J. Biol 
Chem. 276, 9755-9761 

49 Dettori, A.G. et al. (1994) Pharmacological activity of a low molecular 
weight dermatan sulfate (desmin) in healthy volunteers. Semin. 
Thromb. Hemost. 20, 259-265 

50 Barbanti, M. et al (1993) Therapeutic effect of a low molecular weight 
dermatan sulphate (Desmin 370) in rat venous thrombosis -evidence 
for an anticoagulant-independent mechanism. Thromb. Hoemost. 69, 
147-151 

51 Petitou, M. et al (2002) The synthetic pentasaccharide fondaparinux: 
first in the class of antithrombotic agents that selectively inhibit 
coagulation factor Xa. Semin. Thromb. Hemost. 28, 393-402 

52 Petitou, M. et al. (1999) Synthesis of thrombin- inhibiting heparin 
mimetics without side effects. Nature 398, 417-422 

53 Berry, L.R. et al. (2002) Inhibition of fibrin-bound thrombin by a covalent 
antithrombin-heparin complex. J. Biochem. CTbkyo) 132, 167-176 

54 Markwardt, F. (2001) Development of direct thrombin inhibitors in com- 
parison with glycosaminoglycans. Semin. Thromb. Hemost. 27, 523-530 

55 Rydel, T.J. et al. (1991) Refined structure of the hirudin -thrombin 
complex. J. Mol. Biol. 221, 583-601 

56 Qiu, X. et al. (1993) Structures of thrombin complexes with a designed 
. and a natural exosite peptide inhibitor. J. Biol. Chem. 268, 20318-20326 

57 Richardson, J.L. et al. (2000) Crystal structure of the human alpha- 
thrombin - h ae madin complex: an exosite II-binding inhibitor. EMBOJ. 
19, 5650-5660 

58 van de Locht, A. et al. (1995) Two heads are better than one: crystal 
structure of the insect derived double domain Kazal inhibitor rhodniin 
in complex with thrombin. EMBO J. 14, 5149-5157 

59 van de Locht, A. et al. (1996) The ornithodorin- thrombin crystal 
structure, a key to the TAP enigma? EMBO J. 15, 6011-6017 

60 Fuentes-Prior, P. et al. (1997) Structure of the thrombin complex with 
triabin, a lipocalin-like exosite-binding inhibitor derived from a 
triatomine bug. Proc. Natl Acad. Sci. U. S. A 94, 11845-11850 

61 Lombardi, A. et al. (1999) From natural to synthetic multisite 
thrombin inhibitors. Biopolymers 51, 19-39 

62 Markwardt, F. (2002) Hirudin as alternative anticoagulant- a historical 
review. Semin. Thromb. Hemost. 28, 405-414 

63 Stone, S.R. and Hofsteenge, J. (1986) Kinetics of the inhibition of 
thrombin by hirudin. Biochemistry 25, 4622-4628 

64 Salzet, M. (2002) Leech thrombin inhibitors. Curr Pharm. Des. 8, 493-503 

65 Bates, S.M. and Weitz, J.I. (1998) Direct thrombin inhibitors for 
treatment of arterial thrombosis: potential differences between 
bivalirudin and hirudin. Am. J. Cardiol. 82, 12P-18P 

66 Danilewicz, J.C. et al (2002) Design of selective thrombin inhibitors 
based on the (R)-Phe-Pro-Arg sequence. J. Med. Chem. 45, 2432-2453 

67 Marque, P.E. et al. (2000) The role of Glu(192) in the allosteric con- 
trolof the S(2/ and SO/ subsites of thrombin . J. Biol. Chem. 275, 809-816 

68 Maimone, M.M. and Tbllefsen, D.M. (1990) Structure of a dermatan 
sulfate hexasaccharide that binds to heparin cofactor II with high 
affinity. J. Biol. Chem. 265, 18263-18271 

69 Gonze, M.D, et al. (2000) Orally administered unfractionated heparin 
with carrier agent is therapeutic for deep venous thrombosis. 
Circulation 101, 2658-2661 

70 Lee, Y. et al. (2000) Oral delivery of new heparin derivatives in rats. 
Pharm. Res. 17, 1259-1264 

71 Rezaie, A.R and Olson, S.T. (2000) Calcium enhances heparin catalysis 
of the antithrombin-factor Xa reaction by promoting the assembly of an 
intermediate heparin-antithrombin- factor Xa bridging complex. Dem- 
onstration by rapid kinetics studies. Biochemistry 39, 12083-12090 



Thromb Haemost 2002; 87: 1 10-3 



BEST AVAILABLE COPY 

© 2002 Schattauer GmbH, Stuttgart 



Enhancement of Endogenous Plasminogen Activatornnduced 
Thrombolysis by Argatroban and APC and Its Control by TAFI 
Measured in An Arterial Thrombolysis Model In Vivo Using Rat 
Mesenteric Arterioles 

Masaru Hashimoto I Tsutomu Yamashital Kazuhiro Oiwa*, Sadahiro Watanabe*, 
John C. Gicldings 4 , Junichiro Yamamoto 1 

i Laboratory of Physiology, Faculty of Nutrition, Kobe Gakuin University and 
Kobe Gakuin University High Technology Research Centre, Kobe, Japan, 
^Communications Research Laboratory, Kansai Advanced Research Centre, Kobe, Japan, 
Communic^onsw^ ^ ^ ^ Qf Nursing, Kobe, Japan, 

'Department of Haematology, University of Wales College of Medicine, Cardiff, UK 



Keywords 

Endogenous thrombolysis, fibrinolysis, thrombin, TAFI 
Summary 

Recent in vitro studies have demonstrated that thrombin inhibits fi- 
brinolysis through thrombin-activatable fibrinolysis inhibitor (TAFI, 
plasma procarboxypeptidase B). We have recently shown that endoge- 
nous fibrinolysis in vivo is enhanced by activated protein C (APC) and 
the selective thrombin inhibitor, argatroban. The aim of the present study 
was to examine the role of TAFI in these fibrinolytic mechanisms in vivo 
using purified porcine pancreatic carboxypeptidase B (PPCPB) and a 
specific TAFIa inhibitor, potato tuber carboxypeptidase B inhibitor 
(PTCI) in a newly established arterial thrombolysis model. Non-occlu- 
sive, mural, platelet-rich thrombi were formed by helium-neon laser ir- 
radiation in rat mesenteric arterioles and thrombus size was measured 
by computerised image analysis. We confirmed that endogenous throm- 
bolysis was enhanced by argatroban (2.0 mg/4 ml/kg/h) or APC (1.62 mg/ 
2.31 ml/kg). PTCI (5.0 mg/2 ml/kg) also accelerated endogenous 
thrombolysis. PPCPB (3.5 mg/2 ml/kg) inhibited thrombolysis in the 
absence and presence of argatroban or APC. PTCI tended to further pro- 
mote APC-induced thrombolysis but the differences did not reach stati- 
stical significance. The present findings were in keeping with the results 
of earlier studies and demonstrated that arterial, platelet-rich thrombi in 
vivo are degraded by naturally generated plasminogen activators. TAFI 
may play a significant role in the control of these mechanisms. 

Introduction 

Platelets are believed to play a central role in the development of 
acute arterial thrombi in vivo and subsequent fibrin formation is thought 
to consolidate the thrombus structure. Thrombin is a physiologically 
important agonist of platelet activation and is the primary enzyme 
responsible for the conversion of fibrinogen to fibrin. It seems likely, 
therefore, that thrombin plays a critically important role in arterial 
thrombogenesis (1-6). 



Recent studies in vitro using exogenous, tissue plasminogen activa- 
tor (tPA), have demonstrated that thrombin governs not only fibrin 
formation but also fibrinolysis (7-13). Thrombin activates a TAFI. 
Activated TAFI (TAFIa, plasma carboxypeptidase B) cleaves the 
plasminogen binding site on fibrin resulting in lysis-resistant fibrin 
(10). 

It has been demonstrated that TAFI is involved in thrombosis and 
PA-induced thrombolysis in vivo (11-13). In addition, neutralisation of 
Factor XI has been shown to enhance endogenous thrombolysis (14). 
In these experiments, however, the involvement of TAFI was studied 
using venous thrombi (13, 14). Furthermore, endogenous thrombolysis 
was not evident in an arterial model (11). We have previously demon- 
strated that the highly specific thrombin inhibitor, argatroban, enhanced 
exogenous plasminogen activator (PA)-induced thrombolysis of plate- 
let-rich thrombi formed in rat mesenteric venules (15, 16). We have 
also extended these data and shown that argatroban or APC alone acce- 
lerates endogenous arterial thrombolysis in vivo (17, 18). 

The aim of the present study was to examine the role of TAFI in the 
generation of endogenous arterial thrombolysis using purified PPCPB 
and a specific TAFIa inhibitor, PTCI, in a highly reproducible animal 
model of thrombolysis utilising rat mesenteric arterioles. 
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Materials and Methods 

Animals and Agents 

Animals: Male Wistar ST rats aged 8 weeks and weighing 230-270 g were 
obtained from SLC Co. Ltd. (Hamamatsu, Japan). The animals were fasted 
overnight prior to the thrombolytic experiments but allowed free access to 
water. All procedures were conducted in compliance with the Guiding Princi- 
ples for the Care and Use of Animals in the Field of Physiological Sciences, 
published by the Physiological Society of Japan. 

Agents: Argatroban (Novastan, 0.5 mg/ml) was purchased from Mitsubishi 
Tokyo Pharmaceutical Co. Ltd. (Tokyo, Japan) and diluted in physiological 
saline. APC purified from human plasma (3.5 mg/ml) was donated from 
Chemo-sero-therapeutic Research Institute (Kumamoto, Japan) and was stored 
at -80° C until use. It was dissolved and diluted in 20 mM citrate/0.7% NaCl/ 
0.5% glycine (pH 7.0). PPCPB (protease inhibitor treated and affinity purified; 
125-250 U/mg protein) was purchased from Sigma and was stored at -80° C. 
PTCI was purchased from Calbiochem (La Jolla, USA) and was stored at 
-80° C. The PPCPB and PTCI were dissolved and diluted in physiological 
saline immediately prior to use. 
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Helium-neon Laser-induced Thrombosis 

Microvascular thrombi were produced in rat mesenteric arterioles using a 
slight modification of the method described previously (19, 20). Briefly, the 
animals were anaesthetised with nembutal (70 mg/kg, i. m.), and polyethylene 
cannulae (inner diameter 0.58 mm, outer diameter 0.97 mm, Becton Dickinson, 
USA) were inserted into both femoral veins. The mesentery was exposed and 
secured flat in Tyrode solution at 37° C on the stage of an operating micro- 
scope (Olympus BH-2). After 30 min Evans blue (14.2 mg/kg) was injected 
through one of the femoral vein cannulae and arterioles (outer diameter 40-50 u,m 
were irradiated with a He-Ne laser beam at the midpoint between the internal 
vessel wall and the centreline of the lumen. The power and diameter of the 
laser spot at the focal plane were 15 mW and 15 jim, respectively. Irradiation 
for 2 s was repeated at 1 5-second intervals until the extent of the thrombus rea- 
ched 90% of the lumen diameter. The thrombus was then allowed to stabilise 
for 10 min before the test agents were administered through the opposite femo- 
ral vein. Argatroban (0.67-2.0 mg/4.0 ml/kg/h) was continuously infused for 
60 min. APC (0.54-1.62 mg/2.31 ml/kg), PPCPB (5.0 mg/kg/20 ml) and PTCI 
(3.15 mg/kg/2 ml) were given as bolus injections. 

Computerised Image Analysis of Thrombolysis 

The process of thrombolysis was continuously recorded on a videotape 
recorder. Subsequently, images at fixed time intervals were transferred to a per- 
sonal computer and were analysed by Image Analyst software (Automatix, 
USA). The method used to calculate the dimensions of the thrombi is shown in 
Fig. 1. The consolidated thrombus within the vessel lumen was enclosed by a 
box. The grey scale threshold level was set to delineate the thrombus and the 
thrombus area was measured. Thrombus size was calculated by multiplying the 
area by the mean grey scale value. Thrombus size during thrombolysis was ex- 
pressed relative to that of the thrombus immediately before agent administration. 

Statistical Analysis 

The results were analysed by multiple repeated ANOVA followed by Dun- 
can post hoc test and were expressed as mean + SEM. 



Results 

Effect of Porcine Pancreatic Carboxypeptidase B and Potato Tuber 
Carboxypeptidase B Inhibitor on Argatroban-enhanced Endogenous 
Thrombolysis 

Thrombus dissolution was monitored for 60 min during the conti- 
nuous infusion of argatroban or saline and after the injection of test sub- 
stances (Fig. 2). The rate of endogenous thrombolysis is illustrated by 
a temporal reduction in relative thrombus size in the control animals 




Fig. I Evaluation of thrombus size using Image Analyst software. The throm- 
bus within the lumen of the arteriole was enclosed in a rectangular box and a 
threshold level defining the thrombus area was set on a grey scale. The extent 
of thrombolysis was calculated from the following formula: An X Gn/Ao X 
Go, where Ao is the thrombus area immediately before infusion of the test 
agents (time 0) and An the area during thrombolysis. Go is the grey average at 
time 0 and Gn during thrombolysis 



1.0- 




s 
111 

CO 

g 

© 

n 0.8- 
w 

3 


v. 




tive throml 

o 




Reia 

> 






6 10 20 30 ' 40 " 50 60 
PPCPB, PTCI or vehicle bolus Injection ( 2.0ml/kg ) 




Saline or Argatroban Infusion ( 4.0ml/kg/h ) | 




Time after onset agent Infusion (min) 



Fig. 2 Inhibition of argatroban-induced thrombolysis by PPCPB and enhan- 
cement of the endogenous thrombolysis by PTCI. •: Argatroban + vehicle; 
□: saline + PPCPB; A: saline + PTCI; ■: argatroban + PPCPB; A: argatro- 
ban + PTCI; O: saline + vehicle (control), n = 6-8 rats in each group. 
*: p <0.05, **: p <0.0l versus control and j: p <0.0l versus argatroban + 
vehicle group in each time interval 

continuously infused with saline in the absence of any other additive. 
Argatroban at a dose of 2.0 mg/kg/h increased the rate of endogenous 
thrombolysis compared with that seen in control animals. In contrast, 
PPCPB at a dose of 5.0 mg/kg reduced the basal rate of thrombolysis. 
Furthermore, PPCPB given with argatroban neutralised the accelerating 
effect of the thrombin inhibitor. In addition, PTCI at a dose of 3. 15 mg/ kg 
enhanced endogenous thrombolysis. PTCI given concomitantly with 
argatroban, however, did not increase the rate of thrombolysis above 
that observed with argatroban or PTCI alone. 

Effect of Porcine Pancreatic Carboxypeptidase B and Potato Tuber 
Carboxypeptidase B Inhibitor on APC-enhanced Endogenous 
Thrombolysis 

Thrombus dissolution was monitored for 60 min after bolus injec- 
tions of APC and test substances (Fig. 3). As in Fig. 2, the rate of endo- 
genous thrombolysis is illustrated by a steady reduction in relative 
thrombus size in the control animals injected with saline alone. APC at 
a dose of 1.62 mg/kg increased this rate of natural thrombolysis. Again 
in this second series of experiments, PPCPB alone, at a dose of 5.0 mg/ 
kg, inhibited endogenous thrombolysis and PPCPB injected with APC 
neutralised the accelerating effects of the APC. PTCI alone enhanced 
endogenous thrombolysis and in these instances concomitant admini- 
stration of APC and PTCI tended to increase the rate of thrombolysis 
above that observed with APC or PTCI alone, although the differences 
did not reach statistical significance. The reasons for the lack of stati- 
stical significance in this series of experiments are being investigated 
further, but may be due to differences between batches of animals. 

Discussion 

A variety of animal models have been described for the investigation 
of thrombolytic mechanisms in vivo (11-18, 21-23). Protocols designed 
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for this purpose need to be highly sensitive and reproducible, especially 
in studies of endogenous fibrinolysis where the intravascular responses 
to naturally generated plasminogen activators (PAs) may be considerably 
weaker than those evoked by exogenously administered PAs such as 
streptokinase. In the present study we have expanded our previous 
platelet-rich thrombolysis model (15, 16) to quantitate thrombolytic 
mechanisms in the arterial circulation using sophisticated image analy- 
sis software, Image Analyst (Automatix). 

In this model thrombus formation was induced by helium-neon 
(He-Ne) laser irradiation in the presence of Evans blue. The precise 
mechanisms of thrombogenesis in these circumstances remain uncer- 
tain, but it is believed that Evans blue converts laser energy to heat 
resulting in disturbances in endothelial integrity and subsequent throm- 
bosis (19, 20). We (24) and others (25) have shown that thrombi formed 
in this way are primarily composed of platelets, which adhere and 
aggregate on morphologically uninjured endothelial cells. The present 
model differs from several other models, therefore, in which platelet- 
rich thrombosis is induced after traumatic endothelial denudation 
(21-23). 

We confirmed that the He-Ne laser-induced thrombi were predomi- 
nantly platelet-rich and fibrin was not detected under high magnification 
of transmission electron microscopy (17). We have speculated, how- 
ever, that fibrin-related reactions were involved in thrombus formation 
(18), because dissolution of the thrombus was prevented by tranexamic 
acid (AMCA), which inhibits specifically plasminogen or plasmin 
binding to fibrin resulting in inhibition of fibrinolysis (26). The rate of 
endogenous thrombolysis was demonstrated by a reduction in relative 
thrombus mass of approximately 29-33% over 60 min in control ani- 
mals given saline in the absence of any other additive. The breakdown 
products of the thrombus were removed by physiological blood flow. 
Our earlier studies showed that this rate of lysis was partly suppressed 
by AMCA (17, 18) and we have now demonstrated that exogenous 
PPCPB has a similar effect, indicating that reactions involving TAFIa 
as well as plasmin control this thrombolytic process. 

The selective thrombin inhibitor, argatroban, enhanced the rate of 
endogenous thrombolysis and this enhancement was neutralised by 
concomitant administration of PPCPB. These results were again similar 
to our previous findings using AMCA (17, 18). Commercially available 
PPCPB was used as an alternative to TAFIa in these experiments. 
Although PPCPB is not identical to TAFIa or plasma carboxypeptidase B, 
they have similar substrate specificities and there are highly significant 
biochemical homologies between species (27, 28). Thus, our results 
suggested that both TAFIa and plasmin were implicated in the profibri- 
nolytic effects of argatroban. In addition, administration of PTCI acce- 
lerated endogenous thrombolysis indicating that inhibition of naturally 
occurring TAFIa promoted fibrinolytic activity. The results were in 
keeping with other in vitro studies and confirmed a significant role for 
TAFIa in thrombolysis in vivo. However, in contrast to the present 
results, PTCI did not induce endogenous thrombolysis in an arterial 
(aortic) thrombolysis model after endothelial denudation and stenosis 
(12). The reasons for the differences are not entirely clear but may 
reflect differences in sensitivity of the in vivo models. Endogenous 
thrombolytic activity may be much weaker than that induced by 
exogenous plasminogen activators, and we used non-occlusive micro- 
thrombi formed in arterioles to improve the sensitivity of our technique. 
In addition, our experiments were performed in the absence of stasis. 
It may be that test substances are incorporated more effectively into 
developing thrombi in the presence of flow and thus, localised throm- 
bolytic mechanisms may be enhanced to a greater extent than those in 
the absence of flow. 
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Fig. 3 Inhibition of APC-induced thrombolysis by PPCPB and enhancement 
of the endogenous thrombolysis by PTCI. •: APC (2.0 mg/kg/h) + vehicle; 
□: saline + PPCPB (3.5 mg/kg); A: saline + PTCI (5.0 mg/kg); ■: APC + 
PPCPB; ▲: APC + PTCI; O: saline + vehicle (control), n = 6-8 rats in each 
group. *: p <0.05, **: p <0.0l versus control and t: p <0.05, ft: p <0.0l versus 
APC + vehicle group in each time interval 

Administration of APC alone also enhanced endogenous thromboly- 
sis. APC is known to degrade coagulation factors Va and Villa and thus 
limits the autocatalytic production of thrombin in factor XIa-mediated 
coagulation pathways (29, 30). In the current studies, it seems likely, 
therefore, that APC depressed thrombin generation and hence restricted 
the generation of TAFIa. Alternatively, other reports have shown that 
APC forms an equimolar complex with plasminogen activator inhibi- 
tor- 1 (PAI-1), and this could have mediated increased endogenous, 
PA-induced thrombolysis (31). APC demonstrates species specificity 
toward to PAI-1 (32). However, it is uncertain whether the currently 
used human APC can bind to rat PAI-1 . Further, plasmin is also thought 
to be an activator of TAFI (33). The full physiological significance of 
TAFI activation remains to be clarified. Nevertheless, the present study 
demonstrated that endogenous fibrinolysis or thrombolysis was en- 
hanced when thrombin or thrombin generation was inhibited, and that 
TAFI played a significant role in these mechanisms. The pathophysio- 
logical relevance of endogenous fibrinolysis regulated by thrombin is 
unclear at present but our findings indicate that inhibition of thrombin- 
related responses may be clinically important in the prevention and 
treatment of thrombosis not only by limiting thrombus formation but 
also by enhancing thrombus dissolution. Assessment of endogenous 
thrombolysis in human cardiovascular disorders may help to clarify the 
role of TAFI in maintaining vascular patency in vivo. 

In conclusion, we have established a simple, highly sensitive and 
reproducible in vivo model of arterial thrombolysis using rat mesenteric 
arterioles. Our results strongly suggest that the thrombin-TAFIa system 
plays a significant role in the regulation of thrombolysis or fibrinolysis 
in vivo as suggested by earlier in vitro studies. 
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Summary. Activation of the contact system in patients treated 
with fibrinolytic agents may be an important source of thrombin 
that activates thrombin-activated fibrinolysis inhibitor (TAFI) 
and attenuates fibrinolysis. Factor (F)XIIa in plasma increased 
2-fold over 60 min in patients given either tissue plasminogen 
activator (t-PA) or streptokinase (SK). To determine whether 
FXIIa-mediated generation of thrombin and activated TAFI 
(TAFIa) attenuates fibrinolysis in vitro, plasma clots were 
incubated with SK (250 UmL" 1 ) or t-PA (2.5 gmL" 1 ) and 
the rate of lysis was measured. Plasma FXIIa impaired lysis 
judging from marked acceleration when 2.5 jiM corn trypsin 
inhibitor were added (lysis increased by 172 ± 144% for SK and 
40 ± 3 1% for t-PA vs. no inhibitor, n = 16, P < 0.01). Moreover, 
inhibition of thrombin with hirudin and TAFIa with carbox- 
ypeptidase inhibitor accelerated lysis. We conclude that activa- 
tion of FXII increases thrombin generation, which promotes 
TAFIa-mediated attenuation of fibrinolysis. 

Keywords: carboxypeptidase, factor XII, thrombin-activated 
fibrinolysis inhibitor, thrombolysis. 



Introduction 

It is well known that increases in thrombin activity occur in 
patients with myocardial infarction treated with fibrinolytic 
agents, judging from increases in plasma concentrations of 
markers of thrombin activity such as fibrinopeptide A (FPA) 
[1-4]. Simultaneous increases in plasma concentrations of 
prothrombin fragment 1.2 and thrombi n-anti thrombin III 
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complexes in such patients indicate that increases in thrombin 
activity are attributable, at least in part, to increased prothrom- 
bin activation [5,6]. Others and we have found evidence for 
several mechanisms by which pharmacological fibrinolysis may 
potentiate activation of the coagulation system including plas- 
min-mediated activation of factor (F)XII and* factor (F)V [7-9], 
potentiation of platelet-dependent prothrombin activation, and 
exposure of thrombus-associated factor (F)Xa/FVa and throm- 
bin during clot lysis [10-12]. Based on analysis of plasma 
markers in patients given fibrinolytic agents, increases in 
thrombin activity may be a determinant of the failure of 
coronary thrombolysis [1,6,13]. Moreover, based on studies 
in both experimental animals and patients, it appears that 
thrombin inhibitors accelerate thrombolysis and improve the 
clinical outcome [14,15]. 

A potential mechanism for improved thrombolysis in the 
presence of thrombin inhibitors is reduced activation of a 
thrombin-activatable inhibitor of fibrinolysis (thrombin-acti- 
vated fibrinolysis inhibitor, TAFI) [16-18]. TAFI has been, 
identified as plasma carboxypeptidase B, which upon activation 
by thrombin (to TAFIa) cleaves lysine and arginine from fibrin 
that serve to potentiate plasminogen activation on the fibrin 
surface [16-19]. Inhibition of plasma carboxypeptidase activity 
or activation of TAFI have been shown to potentiate clot lysis in 
vitro [16], Inhibition of plasma carboxypeptidase activity was 
shown also to accelerate arterial and venous fibrinolysis in- 
duced by plasminogen activators in experimental animals [20- 
23]. However, the mechanisms by which TAFI is activated in 
response to pharmacological fibrinolysis have not been defined. 
We hypothesized that plasmin-mediated activation of the con- 
tact system in patients treated with fibrinolytic agents may be an 
important mechanism for thrombin generation that leads to 
activation of TAFI and subsequent attenuation of fibrinolysis. 
Accordingly, the objectives of this study were to characterize 
further FXII activation in patients treated with tissue plasmino- 
gen activator (t-PA) and streptokinase (SK), and to determine 
whether FXIIa results in thrombin-mediated activation of TAFI 
that could attenuate the rate of clot lysis in vitro. 
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Materials and methods 

Measurement of FXlla in plasma from patients treated 
with t-PA or SK 

Venous blood samples were withdrawn from patients with 
informed consent before and 60 min after treatment with 
100 mg t-PA (n = 9) or 1.5 million U SK (n = 29) into tubes 
containing PPACK, EDTA, and aprotinin [24]. Samples were 
centrifuged and the plasma was stored at — 70 °C. FXEIa in 
plasma was assayed with use of an antihuman FXIIa mono- 
clonal antibody (Shield Diagnostics, Dundee, UK) as described 
[25]. Briefly, aliquots (100 uL) of plasma or FXIIa standards 
were incubated for 60 min in a 96- well microtiter plate coated 
with the antibody. The plate was drained, the wells washed five 
times with borate buffer, and solution (100 uL) containing an 
alkaline phosphatase-labeled polyclonal sheep antihuman 
FXIIa antibody was incubated in each well for 60 min. The 
plate was washed with buffer and a substrate solution (100 uL) 
containing phenolphthalein monophosphate (0.1%, w/v) was 
added to the wells and incubated for 15 min. The reaction was 
stopped by addition of 100 jiL of 0.4 M sodium carbonate buffer 
containing 0.1 M 3 -(cyclohexylamine)-l -propane sulfonic acid, 
0. 1 M EDTA and 0.4 M sodium hydroxide. The absorbance was 
measured at 550 nm in an automated microtiter plate reader 
(ThermoMax; Molecular Devices, Sunnyvale, CA, USA). 
Results from duplicate assays of plasma samples were com- 
pared with the FXIIa standard curve. 

Clot lysis in response to pharmacological concentrations of 
fibrinolytic agents 

Materials Citrated human plasma was purchased from the 
American Red Cross (St Louis, MO, USA). Plasma from at 
least four donors was pooled, aliquoted and frozen at —70 °C 
until use. Plasma from patients with congenital fibrinogen or 
FXII deficiency was purchased from George King Biomedical 
(Overland Park, KS, USA). Human prothrombin was isolated 
from pooled, citrated plasma by adsorption to sulfated dextran 
beads followed by ammonium sulfate elution and DE-52 
cellulose ion-exchange chromatography as described 
previously [26]. The recovered prothrombin was >99% free 
of contaminating proteins. Thrombin was prepared by 
activation of prothrombin with Taipan snake venom followed 
by purification with Mono-S chromatography. SK was 
purchased from B ehring werkeage (Marburg/Lahn, Germany), 
urokinase (UK) was purchased from Abbott Labs (North 
Chicago, IL, USA), and recombinant t-PA was a gift from 
Genentech (South San Francisco, CA, USA). Recombinant 
desulfatohirudin (hirudin) was a gift from Ciba-Geigy 
(Basel, Switzerland) and recombinant tick anticoagulant 
peptide (TAP) was a gift from Dr G. Vlasuk (Corvas, San 
Diego, CA, USA). Corn trypsin inhibitor (CTI) was purchased 
from Enzyme Research Labs (South Bend, IN, USA), 
unfractionated heparin was purchased from Elkins-Sinn 
(Cherry Hill, NJ, USA), and the carboxypeptidase inhibitor, 
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DL-2-mercaptomethyl-3-guanidinoethylthiopropanoic acid, 
also known as Plummer's Inhibitor, was purchased from 
Calbiochem (La Jolla, CA, USA). A monoclonal antibody 
that inhibits thrombin-mediated activation of TAFI was a 
generous gift from Dr M. Nesheim [27]. Purified TAFI was 
purchased from Haematologic Technologies (Essex Junction, 
VT, USA). 

Clot lysis assay Plasma clots were formed by addition of 75 uL 
of citrated, pooled plasma to 96-well microtiter plates together 
with 75 uL of 0.1 M Tris buffer containing 1 U mL" 1 thrombin 
and 25 mM CaCl 2 (final concentrations). The solution was 
incubated and absorbance was monitored at 405 nm. 
Absorbance typically increased rapidly during clot formation 
and was stable within 45 min. After clot formation, 150 uL of 
undiluted, pooled or factor-deficient plasma together with 
plasminogen activators and inhibitors, in some cases, were 
added to the wells and recalcified (25 mM final concentra- 
tion). Based on the results of previous studies and 
preliminary experiments, plasminogen activators were added 
in the following concentrations: 1000 U mL -1 UK, 250 U mL" 1 
SK, or 2.5u.gmL~ 1 t-PA. These concentrations are similar to 
the low range of plasma concentrations achieved during 
treatment of patients with myocardial infarction. Plasmino- 
gen activators and inhibitors were delivered to the wells 
simultaneously and absorbance was monitored continuously 
for 120 min at 37 °C. The linear portion of the decrease in 
absorbance was used to calculate the rate of clot lysis. The 
baseline rate for each plasminogen activator was compared with 
lysis rates in the presence of coagulation and carboxypeptidase 
inhibitors in subsequent experiments. 

Statistical analysis 

All data are presented as the mean ± SD. Linear rates of clot 
lysis between conditions were analyzed by factorial analysis of 
variance (anova) with Statview 4.5 software (SAS Institute, 
Cary, NC, USA) on a Macintosh power PC. Post hoc analysis 
was with SchefTe's F-test. A value of P < 0.05 was considered 
significant. 

Results 

FXII activation in patients treated with t-PA or SK 

Concentrations of FXIIa in plasma increased significantly after 
administration of either lOOmg t-PA or 1.5 million U SK in 
nearly all of the patients tested (Fig. la,b). 

Fibrin formation and lysis in response to pharmacological 
plasminogen activation 

To determine whether activation of the contact system of 
coagulation induces thrombin-mediated activation of TAFI 
resulting in attenuation of clot lysis, plasma clots were incu- 
bated with recalcified citrated plasma containing either 
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(a) (b) 




Pre-SK 60 min Post-SK Pre-tPA 60 min Post-PA 

Fig. 1. Concentrations of factor (F)XIIa in plasma from patients with acute 
myocardial infarction treated with either 1 million U streptokinase (SK) 
over 60 min (n = 20) (a) or 100 mg tissue plasminogen activator (t-PA) over 
90 min (n = 9) (b). Concentrations of FXIIa increased significantly after 
infusion of either SK or t-PA (P = 0.002 for SK and P = 0.0026 for t-PA 
compared with preinfusion values). 



250 U mL" 1 SK, 2.5 ug mL" 1 t-PA, or 1000 U mL" 1 UK. Addi- 
tion of plasminogen activators resulted in a transient increase in 
absorbance, followed by a linear decrease in absorbance as clot 
lysis was induced (Fig. 2). The transient increase in absorbance 
was probably attributable to fibrin formation, judging from the 
lack of an increase when plasma from a patient with congenital 
fibrinogen deficiency containing 250 U SK was added to the 
clots (Fig. 2a). 

Effects of inhibition of thrombin and FXa on the rates of 
dot lysis 

To confirm that inhibition of thrombin accelerated clot lysis, 
recalcified citrated plasma containing either t-PA, UK, or SK, 
and 3 um hirudin was added to the clots, and the rates of lysis 
compared with those in the absence of hirudin. Hirudin at a 
concentration of 3 um accelerated the rate of clot lysis for each 
of the plasminogen activators, with the greatest effect observed 



for SK (Figs 2b and 3a), Nearly identical results were obtained 
when plasminogen activators were incubated with clots in the 
presence of 5 um TAP, a specific inhibitor of FXa (Fig. 3b). 

Effect of FXil on the rate of clot lysis 

The role of FXII in thrombin-mediated attenuation of clot 
lysis was characterized by incubating normal plasma clots 
with recalcified, citrated FXII-deficient plasma containing 
250 UmL" 1 SK either with or without the addition of 
75ugmL -1 purified human FXII. Clot lysis was accelerated 
by 61 ± 35% in FXII-deficient plasma compared with lysis in 
response to the same concentration of SK in FXII-deficient 
plasma repleted with FXII (P = 0.0002) (Fig. 4a). 

The importance of activation of FXII in mediating attenua- 
tion of clot lysis was confirmed by incubating plasma clots with 
2.5ugmL -1 t-PA or 250 UmL" 1 SK in recalcified, pooled, 
citrated plasma in the presence or absence of 2.5 um CTI, a 
specific inhibitor of FXIIa. Clot lysis in the presence of CTI was 
accelerated by 172 ±144% for SK and 40 ±31% for t-PA 
compared with lysis rates in the absence of CTI (P<0.01 
for both activators compared with rates without CTI) (Fig. 4b). 
Acceleration of lysis was not attributable to direct inhibition of 
TAFIa by CTI, judging from the lack of inhibition of the activity 
of purified TAFIa against the synthetic substrate for carbox- 
ypeptidase, hippuryl-L-arginine (data not shown). Thus, either 
deficiency of FXII or specific inhibition of FXIIa accelerated 
clot lysis induced by t-PA and SK. 

Role of carboxy peptidase in attenuating clot lysis 

To confirm the role of carboxypeptidase activity in attenuating 
the rate of clot lysis induced by pharmacological plasminogen 
activation, plasminogen activators were incubated with clots in 
the presence of DL-2-mercaptomethyl-3-guanidinoethylthio- 
propanoic acid, an inhibitor of both plasma carboxypeptidase 



(a) (b) 




Time (min) Time (min) 

Fig. 2. Representative changes in absorbance after addition to plasma clots of recalcified, pooled, citrated plasma and plasminogen activators [streptokinase 
(SK) 250 UmL -1 ; urokinase (UK) 1000 UmL -1 ; tissue plasminogen activator (t-PA) 2.5ngmL -1 ]. (a) Absorbance increased early because of 
increased fibrin formation, judging from the lack of increase when SK was added to fibrinogen-deficient plasma, (b) After 40-50 min, absorbance 
decreased consistent with clot lysis. The linear portion of the profiles shown by the dashed lines was used for lysis rate calculations. Lysis with SK was 
accelerated by concurrent incubation with 1 \im hirudin, which also eliminated the initial transient increase in absorbance attributable to fibrin formation. 
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250 U/ml 2.5 ug/ml 1000 U/ml 250 U/ml 2.5 u^/ml 1000 U/ml 

SK t-PA UK SK t-PA UK 



Fig. 3. Acceleration of clot lysis rates during incubation with plasminogen activators in the presence of the thrombin inhibitor, hirudin (3 urn) (a), or 
factor Xa inhibitor, tick anticoagulant peptide (TAP, 5 u.m) (b). Data are expressed as the percent increase in the rate of clot lysis compared with no 
inhibitor as a control. Incubation of clots with either hirudin or TAP significantly accelerated lysis for each of the activators (P < 0.01) (n= 16). 




Fig. 4. Changes in absorbance during clot lysis in recalcified, citrated, factor (F)XIIa-deficient and repleted plasma (a) and the effect on the rate of lysis 
after addition of com trypsin inhibitor (CTI, 2.5 um) (b). (a) Lysis induced with 250 UraL -1 streptokinase (SK) was significantly attenuated when 
FXII-deficient plasma was repleted with FXII (P = 0.0002). (b) Inhibition of FXIIa with CTI accelerated the rate of clot lysis induced with either 
250 UmlT 1 SK or 2.5u.gmL~ 1 tissue plasminogen activator (t-PA) (/ > <0.01 for the increase in clot lysis with CTI rates compared with without 
CTI) (n=16). 



N and B [28]. Incubation with the inhibitor accelerated clot lysis 
by 189 ±128% for SK and 67 ±37% for t-PA (/><0.01 for 
both compared with rates without inhibitor). Accelerated lysis 
was not due to inhibition of thrombin activity, judging from the 
lack of attenuation of thrombin amidolytic activity against the 
synthetic substrate H-D phe-pip-arg-p-nitroaniline (S-2238; 
Chromogenics, Diapharma Group Inc., West Chester, OH, 
USA) (data not shown). 

To confirm that the inducible carboxypeptidase activity was 
attributable to TAFI, the rate of clot lysis induced by SK was 
measured in the presence of a monoclonal antibody that inhibits 
activation of TAFI, but not the activity of TAFIa. The anti-TAFI 
monoclonal antibody accelerated the rate of clot lysis induced 
by SK in a concentration-dependent manner, with the maximal 
effect at 0.3 jigmL" 1 of antibody (P<0.01 compared with no 
antibody, Fig. 5a,b). 



In contrast to the results when clot lysis was induced in 
recalcified, pooled, citrated plasma, neither DL-2-mercapto- 
methyl-3-guanidinoethylthiopropanoic acid nor the anti-TAFI 
antibody increased the rate of clot lysis significantly for SK in 
FXII-deficient plasma (data not shown). 

Discussion 

The results of this study show that thrombin elaboration in 
response to pharmacological fibrinolysis may attenuate the rate 
of clot lysis by inducing activation of TAFI. In addition, we have 
provided further evidence that thrombin elaboration in response 
to administration of fibrinolytic agents may be mediated by 
FXII-dependent activation of the contact system. This latter 
conclusion is consistent with our previous results showing 
direct activation of FXII by plasmin in plasma and in whole 
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(a) (b) 




Fig. 5. Acceleration of clot lysis by inhibition of thrombin-activated fibrinolysis inhibitor (TAFI) activation, (a) The absorbance change induced with 
streptokinase (SK) (250 UmL" 1 ) was increased in the presence of anti-TAFI monoclonal antibodies. Note in contrast to the results with hirudin (Fig. 2b), 
anti-TAFI antibody accelerated lysis without inhibiting initial increases in clot formation induced by thrombin elaboration, (b) Accelerated lysis 
with anti-TAFI monoclonal antibody was concentration dependent (P < 0.01) for both concentrations of anti-TAFI compared with rates in the absence 
of antibody (n — 8). 



blood resulting in thrombin elaboration [7], The results of the 
present study suggest that acceleration of coronary thrombo- 
lysis documented previously in experimental animals during 
specific inhibition of FXa and thrombin is attributable, in part, 
to decreased activation of TAFI [14,29-31]. This conclusion is 
supported by reports that fibrinolysis of either arterial or venous 
thrombi was accelerated when inhibitors of carboxypeptidase 
were administered conjunctively with plasminogen activators 
[20-23]. The critical questions are whether the FXII-dependent 
mechanism described in this study plays an important role in 
thrombin elaboration in patients treated with fibrinolytic agents, 
and what the implications of activation of TAFI are on the 
success of thrombolytic therapy. 

Direct procoagulant effects of plasminogen activators on 
coagulation proteins and platelets have been described 
[5,7,8,32,33], as well as the potential for fibrinolysis to expose 
procoagulants that may accelerate activation of the coagulation 
system [10-12]. We have previously documented increases in 
plasma concentrations of FPA within 30 min of the initiation of 
SK infusion in patients, and marked attenuation of the increase 
by coadministration of heparin suggesting direct activation of 
the coagulation system [1,2]. In subsequent in vitro studies, t- 
PA, UK, and SK at concentrations similar to those achieved in 
patients were shown to induce thrombin elaboration directly in 
non-anticoagulated whole blood and plasma [32,34]. More 
recently, activation of the coagulation system in response to 
incubation with fibrinolytic agents was shown to be dependent 
on FXII, and could be completely inhibited in non-anticoagu- 
lated whole blood by inhibition of FXIIa [7]. The results of the 
present study provide further support for this mechanism, by 
confirming the activation of FXII in patients treated with SK or 
t-PA (Fig. 1). Our findings are similar to those of Coppola et al. 
[35], who also documented marked increases in FXIIa levels 
after a 90-min infusion of SK or t-PA in patients treated for 
acute myocardial infarction. The procoagulant effects of phar- 
macological plasminogen activation are transient, as noted in 
the present study, because plasmin degrades and inactivates 



coagulation factors, such as high-molecular-weight kininogen, 
and FV and FVIH [8,36,37]. Our results suggest that the early 
transient elaboration of thrombin may have important conse- 
quences on the initial rate of clot lysis, by inducing activation of 
TAFI. 

Activation of TAFI by factor XIa has also been shown to 
attenuate physiological jugular vein clot lysis in rabbits [38]. 
Our results suggest that activation of TAFI in response to 
pharmacological plasminogen activation is primarily mediated 
by thrombin elaboration induced by activation of the contact 
system. The finding that anti-TAFI antibody did not potentiate 
the rate of clot lysis induced by SK in FXII-deficient plasma 
compared with pooled plasma is consistent with this hypothesis. 

Clinical data regarding the importance of either thrombin 
elaboration or activation of TAFI on the outcome of thrombo- 
lytic therapy for acute myocardial infarction are lacking. None- 
theless, the results of studies based on plasma markers have 
shown that the extent of thrombin elaboration and activity is 
significantly greater in patients with myocardial infarction 
treated with t-PA who fail to achieve TIMI-3 grade coronary 
blood flow by 90 min [39], Similarly, direct inhibition of 
thrombin with hirudin or hirulog has been shown to increase 
the rate of TIMI-3 patency at 90 min compared with heparin in 
patients treated with t-PA or SK [40,41]. Despite these en- 
couraging data, a large-scale clinical trial failed to show a 
survival advantage for conjunctive therapy with hirudin com- 
pared with heparin in patients treated with these activators [42]. 
Although there appeared to be only marginal benefit for the 
conjunctive therapy with hirudin in another large-scale trial 
[43], reassessment of the data indicated that direct thrombin 
inhibition improved outcome in patients treated with SK, but 
not t-PA [15], An important feature of the clinical trials is that 
the required randomization of the anticoagulant regimen de- 
layed initiation of hirudin and heparin to a time when sub- 
stantial thrombin elaboration had already occurred [2]. The 
results of this study and the extensive characterization of the 
kinetics of activation of TAFI by thrombin reported previously 
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[10] underscores the fact that thrombin, particularly in the 
presence of thrombomodulin in vivo [18], would rapidly induce 
activation of TAFI. Thus, the results of previous clinical studies 
may underestimate the potential impact of acceleration of 
thrombolysis with either earlier, complete thrombin inhibition, 
or direct inhibition of TAFIa. 

In summary, our results provide additional support for the 
hypothesis that the success of pharmacological fibrinolysis is 
determined by a dynamic balance between procoagulant and 
fibrinolytic activity. The relevant mechanisms involved in 
determining the procoagulant and fibrinolytic activity will vary 
depending on the fibrinolytic agent used. The results of this and 
our previous studies suggest that fibrinolytic agents that induce 
free plasmin activity (i.e. not fibrin- selective) have a greater 
propensity to activate the contact system of coagulation and 
indirectly attenuate the rate of clot lysis by activating TAFI. 
Whether more fibrin selective agents or the use of novel 
inhibitors of the coagulation system will improve the outcome 
of fibrinolytic therapy remains to be determined. 
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